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METHOD AND SYSTEM FOR MAINTAINING DATA AT INPUT/OUTPUT 
(I/O) INTERFACES FOR A MULTIPROCESSOR SYSTEM 



TECHNICAL FIELD OF THE INVENTION 

This invention relates generally to the field of 
multiprocessor systems, and more particularly, to a 
method and system for maintaining data at input /output 
(I/O) interfaces for a multiprocessor system. 
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BACKGROUND OF THE INVENTION 

Multiprocessor computers often include a large 
number of computer processors that may operate in 
parallel. Parallel processing computer architectures 
5 include cache -coherent multiprocessors with non-uniform 

memory access (NUMA) architecture. NUMA architecture 
refers to a multiprocessor system in which each processor 
has its own local memory that can also be accessed by the 
other processors in the system. NUMA architecture is 

10 non-uniform in that memory access times are faster for a 

processor accessing its own local memory than for a 
processor accessing memory local to another processor. 

In order to maintain cache coherence and protect 
memory pages from unauthorized access, a protection 

15 scheme is generally used to enable or disable shared 

access to a memory page. A memory page may include data, 
as well as a directory for tracking states associated 
with cache lines for the memory page. Conventional 
memory protection schemes utilize memory protection codes 

2 0 .to indicate whether a particular element may access the 

memory page . 

For non- shared access to a cache line, the memory 
protection code simply has to track the single element 
with access to the cache line. However, for shared 

2 5 access to a cache line, the memory protection code has to 

track all the elements with access to the cache line in 
order to notify those elements when their copies of the 
cache line have been invalidated. Thus, for a memory 
protection code of a specific size, a fixed number of 

30 elements may be tracked, limiting the number of elements 

that may share access to a cache line. 
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Conventional systems have attempted to solve this 
problem by using aliased elements. This approach has the 
memory protection code tracking a number of elements 
together such that when one element has shared access to 
a cache line, the memory protection code indicates that 
multiple elements have shared copies of the cache line. 
However, as the number of aliased elements increases, the 
efficiency of the system is reduced in that a greater 
number of elements that are not actually storing a copy 
of the cache line must be notified of modifications to 
the cache line. 

Efficiency is further reduced by data caching at 
input /output (I/O) elements of the system. Because .such 
data is inherently unreliable, validity messages must be 
transmitted back and forth between the memory storing the 
data and the I/O element caching a copy of the data. 
Transmitting these messages consumes available bandwidth. 
Attempting to solve this problem by tracking I/O 
elements, in addition to processors, with the memory 
protection code increases the problem of aliasing caused 
by the limited size of a memory protection code. 
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SUMMARY OF THE INVENTION 

The present invention provides a method and system 
for maintaining data at input /output (I/O) interfaces for 
a multiprocessor system that significantly eliminate or 
5 reduce problems and disadvantages associated with 

previous systems and methods. In particular, the I/O 
interfaces are included within the coherence domain of 
the multiprocessor system to improve pre- fetching and 
data caching at the I/O interfaces. 

10 In accordance with one embodiment of the present 

invention, a multiprocessor system and method includes a 
processing sub-system having a plurality of processors 
and a processor memory system. A scalable network-^ is 
operable to couple the processing sub- system to an I/O 

15 sub-system. The I/O sub-system includes a plurality of 

I/O interfaces. Each I/O interface has a local cache and 
is operable to couple a peripheral device to the 
multiprocessor system" and to store copies of data from 
the processor memory system in the local cache for use by 

2 0 the peripheral device. A coherence domain for the 

multiprocessor system includes the processors and 
processor memory system of the processor sub-system and 
the local caches of the I/O sub-system. 

More specifically, in accordance with a particular 

2 5 embodiment of the present invention, the processor memory 

system includes a plurality of discrete memories. The 
discrete processor memories may each be dedicated , to a 
processor. In this and other embodiments, the processor 
memory system may include a directory operable to 

30 identify data having a copy cached in an I/O interface. 

The processor memory is operable to invalidate a copy of 
data stored in an I/O interface in response to a request 
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for the data by a processor or other element of the 
system. 

Technical advantages of the present invention 
include providing an improved scalable computer system. 
In particular, I/O interfaces are coupled to processors 
through a fully scalable router network to provide pure 
I/O. As a result, I/O is fully scalable in the same 
dimension as processors. 

Another technical advantage of the present invention 
includes providing an improved method and system for 
maintaining data at I/O interfaces for a multiprocessor 
system. In particular, the I/O interfaces are included 
within the coherence domain of the system to improve data 
caching at the interfaces. As a result, data can be 
intelligently pre- fetched and used by peripheral devices 
at the interfaces . 

Other technical advantages of the present invention 
will be readily apparent to one skilled in the art from 
the following figures, description, and claims. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present 
invention and its advantages, reference is now made to 
the following description taken in conjunction with the 
accompanying drawings, wherein like numerals represent 

like parts, in which: 

FIGURE 1 is a block diagram illustrating a 
multiprocessor system for providing a peer input/output 
(I/O) layer in accordance with one embodiment of the 
present invention; 

FIGURE 2 is a block diagram illustrating details of 
the multiprocessor system of FIGURE 1; 

FIGURE 3 is a block diagram illustrating , the 
interconnection of router nodes of FIGURE 2 in accordance 
with one embodiment of the present invention; 

FIGURE 4 is a block diagram illustrating details of 
a processor node of FIGURE 2 in accordance with one 
embodiment of the present invention; 

FIGURE 5 is a block diagram illustrating a non-peer 
I/O node for use with the system of FIGURE 2 in 
accordance with one embodiment of the present invention; 

FIGURE 6 is a block diagram illustrating details of 
a router node of FIGURE 2 in accordance with one 
embodiment of the present invention; 

FIGURE 7 is a block diagram illustrating details of 
a peer I/O node of FIGURE 2 in accordance with one 
embodiment of the present invention; 

FIGURE 8 is a block diagram illustrating coherence 
domains for the multiprocessor system of FIGURE 2 in 
accordance with one embodiment of the present invention; 
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FIGURE 9 is a table illustrating operations operable 
to be requested by elements of the multiprocessor system 
of FIGURE 2 in accordance with one embodiment of the 
present invention; 
5 FIGURE lOA-B is a table illustrating operations 

operable to be performed by elements of the 
multiprocessor system of FIGURE 2 in response to the 
requests of FIGURE 9 in accordance with one embodiment of 
the present invention; 

10 FIGURE 11 is a flow diagram illustrating a method 

for caching exclusive read-only data at the I/O nodes of 
FIGURES 2 and 7 in accordance with one embodiment of the 
present invention; 

FIGURE 12 is a flow diagram illustrating a method 

15 for caching exclusive read-only data at the I/O nodes of 

FIGURES 2 and 7 in accordance with another embodiment of 
the present invention; 

FIGURE 13 is a flow diagram illustrating one 
embodiment of a method for managing data cached according 

20 .to the method of FIGURE 12 at an I/O node of FIGURES 2 

and 7; 

FIGURE 14 is a flow diagram illustrating one 
embodiment of a method for managing data cached according 
to the method of FIGURE 12 at a processor node of 
2 5 FIGURES 2 and 4; and 

FIGURE 15 is a flow diagram illustrating a method 
for intervention processing by a processor node of 
FIGURES 2 and 4 in accordance with one embodiment of the 
present invention. 
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DETAILED DESCRIPTION OF THE INVENTION 

FIGURE 1 is a block diagram illustrating a 
multiprocessor system 10 in accordance with one 
embodiment of the present invention. In this embodiment, 
the system 10 is fully scalable in both the processor and 
input/output (I/O) direction. Accordingly, the system 10 
may be readily adapted to any suitable environment. 

The system 10 comprises a peer I/O layer 12, a 
network layer 14 and a processor layer 16. The peer I/O 
layer 12, or I/O sub-system, is a peer layer in that it 
may communicate with the network layer 14 in the same 
manner as the processor layer 16, or processing sub- 
system. The network layer 14 couples the peer I/O layer 
12 to the processor layer 16 such that the processor 
layer 16 may communicate with the peer I/O layer 12. 
Each layer 12 and 16 is coupled to the network layer 14 
through communications lines 20. As used herein, "each" 
means every one of at least a subset of the identified 
items. The communication lines 20 may be any suitable 
wireline or wireless communication link capable of 
supporting data transfer . 

FIGURE 2 is a block diagram illustrating details of 
the multiprocessor system 10. The processor layer 16 
comprises a plurality of processor nodes 22. According 
to one embodiment, each processor node 22 comprises two 
I/O ports 24 and two network ports 26, Each I/O port 24 
is operable to provide communication between the 
processor node 22 and a peripheral device such as a tape, 
disk, network or any other suitable peripheral device. 
Each network port 26 is operable to provide communication 
between the processor node 22 and the network layer 14 
through the communication lines 20. In accordance with 
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one embodiment, the network ports 26 comprise non-uniform 
memory access (NUMA) ports. 

The network layer 14 comprises a plurality of router 
nodes 34. Each router node 34 comprises a plurality of 
network ports 36 for communicating with the processor 
layer 16 and/or the peer I/O layer 12. According to one 
embodiment, each network port 3 6 comprises a NUMA port. 

The peer I/O layer comprises a plurality of peer I/O 
nodes 46. According to one embodiment, each peer I/O 
node 46 comprises two network ports 48, Each network 
port 48 is operable to provide communication between the 
peer I/O node 46 and the network layer 14. In accordance 
with one embodiment, each network port 4 8 comprise-s a 
NUMA port . 

- Each of the network ports 26, 3 6 and 4 8 are operable 
to provide communication between the corresponding node 
22, 34, or 46 and any other node 22, 34 or 46. Thus, for 
example, the I/O nodes 4 6 may communicate with each other 
through their network ports 48 without an intervening 
router node 34. 

FIGURE 3 is a block diagram illustrating the 
interconnection of router nodes 34 in accordance with one 
embodiment of the present invention. In this embodiment, 
each network port 2 6 of each processor node 22 is coupled 
to a network port 3 6 of a router node 34 by a 
communication line 20. The router nodes 34 which are 
coupled to the network ports 2 6 may also be coupled to 
other router nodes 34. For this embodiment, a network 
port 36 of one router node 34 is coupled by a 
communication line 20 to a network port 36 of another 
router node 34. In this way, a network layer 14 may be 
formed that allows communication between processor nodes 
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2 2 and peer I/O nodes 4 6 (not shown in FIGURE 3) . For 
example, a router node 34 may be coupled to processor 
nodes 22, I/O nodes 46 and/or other router nodes 34, each 
of which may be coupled to additional processor nodes 22, 
5 I/O nodes 46 and/or other router nodes 34. Thus, a 

network layer 14 may be formed to provide communication 
between any suitable combination of processor nodes 22 
and I/O nodes 46. 

FIGURE 4 is a block diagram illustrating details of 

10 a processor node 22. In addition to the I/O ports 24 and 

network ports 26, the illustrated processor node 22 
comprises two superhubs (SHUBs) 70. It will be 

understood, however, that a processor node 22 , may 
comprise any suitable number of SHUBs 70 or other 

15 suitable multiprocessor sub-systems without departing 

from the scope of the present invention. In accordance 
with the illustrated embodiment, each SHUB 70 is coupled 
to a processor memory 72 and a pair of processors 74. 
Collectively, the memories 72 of the system 10 form a 

2 0 processor memory system. However, it will be understood 

that the processor memory system may comprise any one or 
more of the memories 72 without departing from the scope 
of the present invention . 

The SHUB 70 comprises a memory interface 80 for 
25 communicating with the memory 72. The memory 72 

comprises data 82, as well as a directory 84 for managing 
access to the data 82 . The memory 72 is accessed through 
the memory interface 80 over line 86. According to one 
embodiment, the line 86 may communicate data between the 

3 0 memory 72 and the memory interface 80 at a rate of 

approximately 10 gigabytes per second. 
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The SHUB 70 also comprises a processor interface 90 
for communicating with the processors 74 over line 92, 
Although the illustrated embodiment comprises two 
processors 74 for each SHUB 70, it will be understood 
5 that any suitable number of processors 74 may be coupled 

to each SHUB 70 without departing from the scope of the 
present invention. 

The SHUB 70 further comprises a network crossbar 
100. The network crossbar 100 comprises a local block 

10 102 for performing miscellaneous functions such as 

providing a global clock, maintenance features, and other 
administrative functions, an I/O interface 104 for 
providing communication between the SHUB 70 and an -.1/0 
port 24, and a network interface 106 for providing 

15 communication between the SHUB 70 and a network port 26. 

The network crossbar 100 is operable to provide 
communication between the components of the SHUB 7 0 and 
the network interface 106. 

The I/O interface 104 may communicate with the I/O 

20 port 24 over line 110, According to one embodiment, 

communication may be provided over line 110 at a rate of 
approximately 1.2 gigabytes per second. The network 
interface 106 may communicate with a network port 26 over 
line 120, In addition, as illustrated in FIGURE 4, the 

25 network interfaces 106 of the two SHUBs 7 0 may 

communicate with each other over line 120. According to 
one embodiment, the lines 120 comprise NUMA links and 
provide communication at a rate of approximately 1.6 
gigabytes per second or 3.2 gigabytes per second. 

30 FIGURE 5 is a block diagram illustrating a non-peer 

I/O node 130 for use with the system 10. The non-peer 
I/O node 130 is operable to provide communication between 



ATTORNEY DOCKET NO, PATENT APPLICATION 

062986 , 0212 
15-4-1134 .00 

12 

an I/O port 24 of a processor node 22 and a peripheral 
device. The non-peer I/O node 130 comprises an I/O port 
132 for coupling the non-peer I/O node 130 to the I/O 
port 24 of the processor node 22. The illustrated non- 
peer I/O node 130 also comprises two peripheral component 
interfaces (PCIs) 134 or other suitable interfaces. It 
will be understood, however, that a non-peer I/O node 130 
may comprise any suitable number of PCIs 134 without 
departing from the scope of the present invention. Each 
PCI 134 may provide communication between the non-peer 
I/O node 13 0 and a peripheral device such as a tape, 
disk, network or other suitable peripheral device. 

FIGURE 6 is a block diagram illustrating detail^ of 
a router node 34. In accordance with the illustrated 
embodiment, each router node 34 comprises eight network 
ports 36. However, it will be understood that a router 
node 34 may comprise any suitable number of network ports 
3 6 without departing from the scope of the present 
invention. The network ports 3 6 each comprise a NUMA 
port that is operable to provide communication between 
the router node 34 and a processor node 22 through a 
network port 26 of the processor node 22, between the 
router node 34 and a peer I/O node 46 through a network 
port 48 of the peer I/O node 46 or between the router 
node 34 and another router node 34 through a network port 
36 of the other router node 34. Thus, as described in 
more detail above in connection with FIGURE 3, for the 
embodiment in which the router node 34 comprises eight 
network ports 36, any suitable combination of up to eight 
processor nodes 22, peer I/O nodes 46 and/or router nodes 
34 may be coupled together through a router node 34 by 
the network ports 36, 
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FIGURE 7 is a block diagram illustrating details of 
a peer I/O node 46. In addition to the network ports 48, 
the I/O node 46 comprises an I/O interface 140 
corresponding to each network port 48. Each I/O 

5 interface 140 comprises an I/O coherence engine 142 and a 

PCI or other suitable interface 144. The I/O coherence 
engine 142 is operable to communicate with the processor 
layer 16 using a distributed memory protocol to retrieve 
copies of requested data. The system 10 comprises a 

10 distributed memory comprising the memories 72 of the 

processor nodes 22 and the caches 150 of the I/O nodes 
46. The distributed memory protocol allows the system 10 
to maintain the reliability of the data in -^the 
distributed memory. The I/O coherence engine 142 may 

15 comprise logic stored in a computer-processable medium. 

The logic may be encoded in hardware and/or software 
instructions stored in RAM, ROM and/or other suitable 
computer-processable media. 

The PCI interface 144 comprises a memory such as a 

20 cache 150, a resource manager 152, and a pre- fetch engine 

154. The cache 150, which comprises any suitable data 
store, is operable to cache coherent data for the 
corresponding peripheral device, as described in more 
detail below in connection with FIGURE 8. The resource 

2 5 manager 152 is operable to invalidate data in the cache 

150 that has expired or that has been designated as 
invalid by a processor node 22. Invalidating data 
comprises deleting the data, writing over the data or 
otherwise preventing future use of the data. The 

30 resource manager 152 may comprise logic stored in a 

computer-processable medium. The pre-fetch engine 154 is 
operable to identify data to pre-fetch and pre-fetch the 
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identified data for storage in the cache 150 for the 
benefit of the corresponding peripheral device. The pre- 
fetch engine 154 may also comprise logic stored in a 
computer-processable medium. 

The PCI interface 144 is operable to provide 
communication between the I/O node 46 and a peripheral 
device. Thus, each I/O node 4 6 may communicate with a 
router node 34 in the same manner that a processor node 
22 communicates with a router node 34 and may also 
communicate with any suitable peripheral device through 
the PCI interface 144. In this way, communication may be 
provided between any processor node 22 and any peripheral 
device. 

FIGURE 8 is a block diagram illustrating coherence 
domains 200, 202, 204 for the multiprocessor system 10. 
The coherence domains comprise a system coherence domain 
200, a plurality of processor coherence domains 202, and 
a plurality of partition coherence domains 204. Data 
sharing is provided between elements of the system 10 
based on the coherence domains 2 0 0, 202 and 204 in which 
the elements exist. 

The system coherence domain 2 00 compri ses the 
processor layer 16, the network layer 14 and a portion of 
the peer I/O layer 12. The system coherence domain 200 
comprises each cache 150 in each I/O node 46 in the peer 
I/O layer 12. Thus, as described below, each I/O node 46 
is operable to cache coherent data from any memory 72 of 
any processor node 22 in the system 10, 

The directory 84 for each memory 72 in a processor 
node 22 comprises information relating to a status for 
each cache line of data 82. A cache line of data 82 may 
comprise 128 bytes or any other suitable amount of data 



ATTORNEY DOCKET NO, PATENT APPLICATION 

062986.0212 

15-4-1134.00 

15 

82. In accordance with the distributed memory protocol 
of the present invention, the status may comprise free, 
shared, exclusive, exclusive read-only untimed, exclusive 
read-only timed, or other suitable ' status . 
5 A status of free indicates that the corresponding 

data 82 is unowned, with no elements of the system 10 
storing a copy of the data 82 . A status of shared 
indicates that copies of the corresponding data 82 are 
currently stored in other elements of the system 10. 

10 Thus, if data 82 with a status of shared is modified, the 

memory 72 notifies each element with a copy of the data 
82 to invalidate the stored copy. A status of exclusive 
indicates that the corresponding data 82 is owned by a 
particular element of the system 10 such that the element 

15 may read from and write to the cache line in the memory 

72 that comprises the data 82, while no other elements of 
the system 10 are permitted to receive a copy of the data 
82 . 

A status of exclusive read-only untimed indicates 
2 0 that the corresponding data 82 is owned by an I/O node 

46. The I/O node 46 has an exclusive copy of the cache 
line in that no other copies are permitted to be 
transmitted to other elements of the system 10 while the 
data 82 has a status of exclusive read-only untimed. 
25 However, the data 82 is also read-only in that the I/O 

node 4 6 has access to read the cache line but does not 
have access to write to the cache line. 

A status of exclusive read-only timed is similar to 
a status of exclusive read-only untimed, with the I/O 
30 node 46 having access only to read the cache line and no 

other components of the system 10 having access to the 
cache line. However, data 82 with a status of exclusive 
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read-only timed is updated to a status of free once a 
predefined period of time has passed after an initiation 
event that designates the data 82 as exclusive read-only 
timed. 

5 Thus, the I/O node 4 6 has transient access to the 

cache line for the predefined period of time, after which 
the memory 72 changes the status in the directory 84 to 
free and the resource manager 152 invalidates the copy of 
the data 82 in the cache 150. This allows the sending of 

10 messages back and forth to invalidate the data in the 

cache 150 to be avoided in most situations, resulting in 
a significant decrease in wasted bandwidth. 

According to one embodiment, the initiation eyent 
designating the data 82 as exclusive read-only timed may 

15 be the request for access to the data by the I/O node 46. 

The I/O node 46 may store a time-stamp associated with 
the request time. The data in the cache 150 would then 
be considered reliable until the predefined period of 
time passed after the request time. The I/O node 46 may 

2 0 transmit this request time to the memory 72 such that the 

memory 72 may determine that the data in the cache 150 
has become unreliable at substantially the same time as 
the I/O node 46. Alternatively, the memory 72 may store 
a time- stamp associated with the response time, using the 
25 response time as an initiation event. In this situation, 

the memory 72 would determine that the data in the cache 
150 had become unreliable at a later time than the I/O 
node 4 6 . 

The use of the exclusive read-only statuses for I/O 

3 0 nodes 46, therefore, allows I/O nodes 46 to cache 

coherent data without affecting the number of processor 
nodes 22 that may be tracked by a sharing vector, A 
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sharing vector tracks the location of shared copies of 
data 82. Because the I/O nodes 46 have exclusive, as 
opposed to shared, access to the data 82, an unlimited 
number of l/O nodes 4 6 may be included in the system 
coherence domain 200 regardless of the size of the 
sharing vector. 

The processor coherence domains 2 02 comprise 
processor nodes 22 that may coherently share data. 
According to one embodiment, each processor coherence 
domain 202 comprises 128 processor nodes 22, It will be 
understood, however, that a processor coherence domain 
202 may comprise any suitable number of processor nodes 
22 without departing from the scope of the present 
invention. Each processor coherence domain 2 02 comprises 
a sharing vector independent of the other processor 
coherence domains 202. In order to keep track of an 
increased number of processor nodes 22 without increasing 
the size of the sharing vector, aliasing of processor 
nodes 22 may be used by the sharing vector. 

For example, the sharing vector may indicate that 
four processor nodes 22 have shared copies of a cache 
line when only one of the processor nodes 22 actually has 
a copy of the cache line. In this situation, the sharing 
vector would track one sharing processor node 22 with a 
copy of the data 82 and three aliased processor nodes 22 
without copies of the data 82, It will be understood, 
however, that the sharing vector may track any suitable 
number of aliased processor nodes 22 in addition to each 
sharing processor node 22 without departing from the 
scope of the present invention. 

Using aliased processor nodes 22 allows more 
processor nodes 22 in general to be tracked by a sharing 
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vector that is limited in size. However, as the number 
of aliased nodes 22 increases, the efficiency of the 
system 10 is reduced in that a greater number of 
processor nodes 22 that are not storing a copy of the 
5 data 82 must be notified of modifications to the data 82. 

Thus, the system 10 comprises multiprocessor coherence 
domains 2 02 each having its own sharing vector. In this 
way, the system may comprise an increased number of 
processor nodes 22 without a corresponding increase in 

10 aliasing by the sharing vector. According to one 

embodiment, the sharing vector may be 32 bits in size for 
a multiprocessor system having more than 512 processors 
74. For the illustrated embodiment comprising four 
processor coherence domains 2 02, the sharing vector may 

15 be 32 bits in size and support 2,048 processors 74. 

In this embodiment, therefore, processor nodes 22 
within a same processor coherence domain 2 02 may share 
copies of a cache line with each other. In addition, any 
processor node 22 in the system 10 may obtain an 

2 0 exclusive copy of a cache line from any other processor 

node 22 in the system 10 regardless of whether or not 
they are in the same processor coherence domain 202. 
Each processor node 22 may comprise an identifier to 
indicate in which processor coherence domain 202 the 

2 5 processor node 22 exists . Upon requesting shared access 

to data, a processor node 22 may provide its identifier 
along with or as part of the request. According to one 
embodiment, a specified number of the most significant 
bits of the identifier may identify the processor 

3 0 coherence domain 202. 

In accordance with an alternative embodiment of the 
present invention, processor nodes 22 in one processor 
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coherence domain 202 may share copies of data 82 in the 
memory 72 of another processor coherence domain 2 02. For 
this embodiment, processor nodes 22 in other processor 
coherence domains 202, including the processor coherence 
domain 202 comprising the processor node 22 storing the 
data 82, may have exclusive copies of the data 82 but may 
not share copies. 

The partition coherence domains 2 04, only one of 
which is illustrated in FIGURE 8, comprise a plurality of 
processor nodes 22, a plurality of router nodes 34 and a 
portion of each of a plurality of peer I/O nodes 46. The 
portion of each I/O node 4 6 in the partition coherence 
domain 204 comprises each cache 150 in the I/O node 46, 

According to one embodiment, partition coherence 
domains 204 comprise elements of the system 10 that may 
operate on an operating system that is independent of 
operating systems for the other partition coherence 
domains 204. This type of coherence domain 204 provides 
error containment for operating system references. 

According to one embodiment, each partition 
coherence domain 204 comprises 128 processor nodes 22, in 
addition to a plurality of router nodes 34 and I/O nodes 
46. It will be understood, however, that the partition 
coherence domains 204 may comprise any suitable number of 
nodes 22, 34, and 46 and that each partition coherence 
domain 204 may comprise a different number of nodes 22, 
34 and 46. 

FIGURE 9 is a request table 900 illustrating 
operations operable to be requested by elements of the 
multiprocessor system 10 in accordance with one 
embodiment of the present invention. The request table 
900 comprises a group column 902, a name column 904, and 
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a description column 906, The groups 902 comprise a read 
group 910, a write group 912, a probe group 914, and an 
invalidate group 916. 

The read group 910 comprises a shared sub-group 
910a, an exclusive sub-group 910b, a get sub-group 910c 
and a miscellaneous sub-group 910d. The write group 912 
comprises a write-back sub-group 912a, a put sub-group 
912b and a miscellaneous sub-group 912c. The probe group 
914 comprises a shared sub-group 914a, an exclusive sub- 
group 914b, a get sub-group 914c and a miscellaneous sub- 
group 914d. 

FIGURE lOA-B is a response table 1000 illustrating 
operations operable to be performed by elements of , the 
multiprocessor system 10 in response to the requests 
illustrated in the request table 900 in accordance with 
one embodiment of the present invention. The response 
table 1000 comprises a group column 1002, a name column 
1004, and a description column 1006. The group column 
1002 comprises a read group 1010, a write group 1012, a 
probe group 1014, and an error group 1016. 

The read group 1010 comprises a shared sub-group 
1010a, an exclusive sub-group 1010b, a get sub-group 
1010c, and a miscellaneous sub-group lOlOd. The write 
group 1012 comprises a write-back sub-group 1012a, a put 
sub-group 1012b, and a miscellaneous sub-group 1012c. 
The probe group 1014 comprises a shared sub-group 1014a, 
an exclusive sub-group 1014b, a get sub-group 1014c, and 
a miscellaneous sub-group 1014d. 

FIGURE 11 is a flow diagram illustrating a method 
for caching exclusive read-only data at the I/O nodes 46 
in accordance with one embodiment of the present 
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invention. This embodiment may be used to cache data 
maps or other suitable types of data. 

The method begins at step 1100 where a read request 
910 is generated at an I/O interface 140 of an I/O node 
5 46. At step 1102, the read request 910 is transmitted 

through a router node 34 to a processor memory 72 of a 
processor node 22, At step 1104, the memory 72 performs 
a read of the data 82 requested by the I/O node 46. At 
step 1106, a read response 1010 comprising a copy of the 
10 requested data 82 is generated at the processor memory 

72 , 

At Step 1108, the directory 84 for the memory 72 is 
updated to indicate that the I/O node 4 6 owns the data 82 
associated with the read request 910. At step 1110, the 

15 read response 1010 generated by the memory 72 is 

transmitted through the router node 34 to the I/O 
interface 140 of the I/O node 46. At step 1112, the data 
received in the read response 1010 is cached by the I/O 
node 4 6 in a cache 150, at which point the method comes 

20 to an end. In this way, the I/O node 46 may cache 

coherent data without the use of sharing vector 
resources , 

FIGURE 12 is a flow diagram illustrating a method 
for caching exclusive read-only data at the I/O nodes 46 

25 in accordance with another embodiment of the present 

invention. In this embodiment, the cached data has 
limited longevity. This embodiment may be used to cache 
data streams or other suitable types of data. 

The method begins at step 1200 where a read request 

30 910 is generated at an I/O interface 140 of an I/O node 

46, At step 1202, a request time, or a first time event, 
associated with the read request 910 is stored at the I/O 
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interface 140, At step 1204, the read request 910 is 
transmitted through a router node 34 to a processor 
memory 72 of a processor node 22. At step 1206, the 
memory 72 performs a read of the data 82 requested by the 
I/O node 46. At step 1208, a read time, or a second time 
event, associated with the read is stored at the 
processor memory 72. At step 1210, a read response 1010 
is generated at the processor memory 72, 

At step 1212, the directory 84 for the memory 72 is 
updated to indicate that the I/O node 46 owns the data 82 
associated with the read request 910. At step 1214, the 
read re sponse 1010 generat ed by the memory 72 is 
transmitted through the router node 34 to the . I/O 
interface 140 of the I/O node 46. At step 1216, the data 
received in the read response 1010 is cached by the I/O 
node 146 in a cache 150, at which point the method comes 
to an end. In this way, both the memory 72 and the I/O 
node 46 can determine the duration of the availability of 
the data in the cache 150 to the I/O node 46. 

FIGURE 13 is a flow diagram illustrating one 
embodiment of a method for managing data cached according 
to the method of FIGURE 12 at an I/O node 46. The method 
begins at step 1300 where timed data is identified in a 
cache 150 for the I/O node 46. Timed data comprises data 
with a status of exclusive read-only timed. At step 
1302, the I/O node 46 determines the state of the timed 
data. This determination is made based on whether the 
predefined period of time has passed after an initiation 
event, such as the stored request time for the data. 

At decisional step 1304, a determination is made 
regarding whether the state of the timed data is expired. 
If the state of the data is expired, the method follows 
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the Yes branch from decisional step 1304 to step 1306 
where the resource manager 152 of the I/O node 46 
invalidates the timed data in the cache 150. However, if 
the state of the timed data is not expired, the method 
follows the No branch from decisional step 13 04 and comes 
to an end. In this way, the I/O node 46 may manage timed 
data in the cache 150 such that the data is reliable. 

FIGURE 14 is a flow diagram illustrating one 
embodiment of a method for managing data cached according 
to the method of FIGURE 12 at a processor node 22. The 
method begins at step 14 00 where a processor node 2 2 
receives a request to access data 82 in the memory 72 
that has a status of exclusive read-only timed. At s-tep 
1402, the processor node 22 determines the state of the 
timed data 82. This determination is made based on 
whether the predefined period of time has passed after an 
initiation event, such as the read time associated with 
the data 82. 

At decisional step 14 04, a determination is made 
regarding whether the state of the timed data 82 is 
expired. If the state of the data 82 is expired, the 
method follows the Yes branch from decisional step 14 04 
to step 1406, At step 1406, the processor node 22 
changes the state of the data 82 to normal. At step 
1408, the processor node 22 responds to the request for 
access to the data 82 and the method comes to an end. 

Returning to decisional step 1404, if the state of 
the timed data 82 is not expired, the method follows the 
No branch from decisional step 1404 to step 1410. At 
step 1410, the processor node 22 performs intervention 
processing for the timed data 82 and the method comes to 
an end. In this way, the processor node 22 may manage 
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data 82 that has been cached in an I/O node 46 such that 
the I/O node 46 may reliably cache a copy of the data 82. 

FIGURE 15 is a flow diagram illustrating a method 
for intervention processing by a processor node 22 in 
5 accordance with one embodiment of the present invention. 

The method begins at step 1500 where the processor node 
22 receives a request to access data 82 in the memory 72 . 
At step 1502, the processor node 22 determines the status 
of the data 82 as indicated in the directory 84. 

10 At decisional step 1504, a determination is made 

regarding whether the status of the data 82 is exclusive 
read-only, either timed or untimed. If the status of the 
data 82 is exclusive read-only, the method follows the 
Yes branch from decisional step 1504 to step 1506, At 

15 step 1506, the processor node 22 generates an invalidate 

message. At step 1508, the processor node 22 transmits 
the invalidate message to the I/O interface 140 in which 
a copy of the data 82 is cached. 

At step 1510, the processor node 22 receives an 

20 ^acknowledge message from the I/O interface 140 indicating 
that the I/O interface 140 has received the invalidate 
message. At step 1512, the processor node 22 changes the 
status of the data 82 in the directory 84 to free. At 
step 1514, the processor node 22 responds to the request 

2 5 for access to the data 82 and the method comes to an end. 

Returning to decisional step 1504, if the status of the 
data is not exclusive read-only, the method follows the 
No branch from decisional step 1504 and comes to an end. 

Although the present invention has been described 

30 with several embodiments, various changes and 

modifications may be suggested to one skilled in the art. 
It is intended that the present invention encompasses 
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such changes and modifications as fall within the scope 
of the appended claims . 
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